A central paradigm in immunology states that successful generation of high-affinity antibodies necessitates an immense primary repertoire of antigen-combining sites. Much of the diversity of this repertoire is provided by varying one antigen-binding loop, created by inserting randomly a D (diversity) gene out of a small pool, between the V and J genes. It is therefore assumed that any particular D encoded region surrounded by different V-and J-regions adopts a different conformation. We have solved the structure of two lysozymespecific variable domains of heavy-chain antibodies isolated from two strictly unrelated dromedaries. These antibodies recombined identical D gene sequences to different V and J precursors with significant variance in their V-D-J junctions. Despite these large differences, the D encoded loop segments adopt remarkably identical architectures, thus directing the antibodies towards identical epitopes. Furthermore, a striking convergent maturation process occurred in the V region, adapting both binders for their sub-nanomolar affinity association with lysozyme. Hence, on a structural level, humoral immunity may rely more on well-developed maturation and selection systems than on the acquisition of large primary repertoires.
A central paradigm in immunology states that successful generation of high-affinity antibodies necessitates an immense primary repertoire of antigen-combining sites. Much of the diversity of this repertoire is provided by varying one antigen-binding loop, created by inserting randomly a D (diversity) gene out of a small pool, between the V and J genes. It is therefore assumed that any particular D encoded region surrounded by different V-and J-regions adopts a different conformation. We have solved the structure of two lysozymespecific variable domains of heavy-chain antibodies isolated from two strictly unrelated dromedaries. These antibodies recombined identical D gene sequences to different V and J precursors with significant variance in their V-D-J junctions. Despite these large differences, the D encoded loop segments adopt remarkably identical architectures, thus directing the antibodies towards identical epitopes. Furthermore, a striking convergent maturation process occurred in the V region, adapting both binders for their sub-nanomolar affinity association with lysozyme. Hence, on a structural level, humoral immunity may rely more on well-developed maturation and selection systems than on the acquisition of large primary repertoires.
The interaction of conventional antibodies with antigens is mediated by up to 6 dedicated hypervariable loops, three (H1-H3) 1 in the variable domain of the heavy chain (VH) and three (L1-L3) in the variable domain of the light chain (VL) (1) . Within the antigen combining site, the H3 loop is the major determinant of the antibody diversity and the major contributor for the overall antigen affinity and specificity (1) (2) (3) . This loop is generated after recombining one V, one D and one J gene out of a pool. Imprecision in the V-D-J recombination event, with concomitant nucleotide deletions and N or P nucleotide additions (4, 5) , make it possible for a particular D gene to occur in different locations and reading frames within the H3 encoded region (4, 5) . Hence, the sequence of the H3 loop becomes the most diverse of all antigen-binding loops. The crystal-structure determination of different antibodies revealed the presence of canonical structures for all antigen-binding loops (L1-L3, H1 and H2) except for the H3 loop (6, 7) . The folding of a particular loop into a canonical structure is dictated by a small number of conserved key-residues within the hypervariable sequences. The immense sequence diversity of the H3 loop with the D encoded part, that can be located anywhere within the loop, obviously precludes an easy assignment of such keyresidues. Moreover, since the number of possible V-D-J recombinations exceeds by far the number of crystal structures that are available, it is as yet impossible to investigate whether the D encoded part of the loop adopts different or similar backbone architectures, when present in a different V-J surrounding. Likewise, it remains an open question whether the same epitope on a large antigen will be recognized by antibodies originating from different B cell lineages that employed the same D gene in their V-D-J recombination. This might be expected if the structure of H3 loop is largely determined by the D gene encoded segment, and if this part of the paratope dominates the antigen specificity. However, this would also mean that the structural repertoire of the H3 loop is less diverse than predicted by the immense sequence diversity.
These fundamental questions might be easier to assess with antibodies from camelids since a considerable fraction of their serum antibodies lack light chains (8, 9) . Up to three loops (H1-H3) of the variable domain of these heavy-chain antibodies (VHH) constitute the antigen-binding site. The VHH, like VH, is generated after V-D-J gene rearrangements (10) . Despite the absence of the light chain, the heavychain antibodies recognize, via their VHHs a wide range of antigens with affinity constants that are comparable to those found for conventional antibodies (11) . The H3 loop of VHHs is on average longer than in human or mouse VHs (9) . It was therefore postulated that the extended H3 loop compensates for the loss of VH-VL combinatorial diversity, making its contribution to the diversity of the repertoire even more significant than in conventional antibodies. Furthermore, the H3 loop of a VHH is even more crucial for specific antigen recognition than the H3 loop of a VH-VL paratope. This is illustrated by the crystal structures of VHH-antigen complexes where up to 100% of the contacts with the antigen can be provided by the H3 loop (12, 13) .
Here we report the structure of two VHHs, cAb-Lys2 and D2-L19, generated from different V and J genes but sharing identical D gene sequences. These binders had matured in two different dromedaries immunized with hen egg white lysozyme (HEWL) to the same epitope and was helped by striking convergent hypermutations within the H2 loop region. The structure solution of these VHHs in complex with their antigen demonstrates that the in vivo recombination of an identical D gene segment can lead to congruent H3 loop architectures even when occurring in a different V-J context and masked by different somatic mutations.
METHODS

Isolation & purification of the VHHs -
The dromedary immunization in Morocco, library generation and pannings to retrieve the lysozyme binder cAb-Lys2 has been described elsewhere (14) . Other dromedaries kept in Dubai (UAE) were immunized over a two months period with lysozyme, and phage displayed libraries of the VHHs were made previously during the work described by Lauwereys et al. (15) . Panning of these libraries with immobilized antigen yielded D2-L19 and 6 additional lysozyme-specific VHHs. D2-L19 and cAb-Lys2 were recloned in an expression vector and tagged with a His 6 tail. The recombinant VHHs were produced in E.coli, and purified to homogeneity by IMAC and gel filtration according to Conrath et al. (2001) (16) .
Kinetic and affinity measurements of the VHH-HEWL interaction -
The kinetic constants were determined by surface plasmon resonance on a Biacore 3000 ® (BIAcore, Uppsala-Sweden). HEWL was immobilized on a CM5 chip, by amine coupling using EDC, NHS and ethanolamine according to the manufacturers recommendations. 100 resonance units of protein were immobilized in flow cell 2 of the chip. The surface in flow cell 1 was used as a reference and treated only with EDC, NHS and ethanolamine. Sensorgrams of five concentrations (500-30 nM (D2-L19) and 50-3 nM (cAb-Lys2)) plus a zero concentration (injection of running buffer) were collected. The curves were fitted to a 1:1 Langmuir binding model with the BIAevaluation software (version 3.2) (BIAcore, Uppsala-Sweden) after subtraction of the reference and zero concentration data. Identical k a and k d values were obtained for measurements with antibodies immobilized (100 resonance units) to the matrix surface and HEWL in the mobile phase.
Crystallization of the VHH-HEWL complexes -
The VHH-HEWL complexes were obtained following existing protocols (17) . Crystallization of complexes was performed by hanging drop vapor diffusion in 0.17M Li 2 SO 4 ; 0.085M TrisHCl pH 8.5; 25.5% PEG 4000; 15% glycerol, for the D2-L19-HEWL complex (10mg/ml in PBS buffer) and 0.3M (NH 4 ) 2 SO 4 ; 10-20% PEG 8000; 15% glycerol, for cAb-Lys2-HEWL complex (15mg/ml in PBS). Successive macro seeding was required to produce single crystals of the cAbLys2-HEWL complex.
Data collection & structure solution -
The crystals of the D2-L19-HEWL and cAb-Lys2-HEWL complexes belong to the space group P2 1 2 1 2 1 with, respectively, unit cell dimensions: a = 51,5 Å, b = 53,4 Å, c = 104,5 Å, α = 90°, β = 90°, γ = 90° and a = 50,0 Å, b = 68,4 Å, c = 72.1 Å, α = 90°, β = 90°, γ = 90°. Synchrotron data for the crystal of the D2-L19-HEWL complex were obtained at the European Synchrotron Radiation Facility (ESRF) beamline ID14-2 using a CCD ADSC Quantum 4 detector for data collection. Synchrotron data for the cAb-Lys2-HEWL crystals were obtained at the BW7B beamline of EMBL synchrotron facility at the Deutsches Elektronen Synchrotron (DESY, Hamburg-Germany), using a Marresearch image plate detector. Data were processed to 1.85 Å and 1.4 Å for D2-L19-HEWL and cAb-Lys2-HEWL, respectively using DENZO and Scalepack (18) . The AMORE program (19) generated a molecular replacement solution, and CNS (20) was used to refine the structures. Data collection and refinement statistics are shown in table 1 (data deposition at the Protein Data Bank PDB ID: 1RJC and 1RI8 for the cAb-Lys2-HEWL and D2-L19-HEWL complexes, respectively).
Structural analysis and figure preparation -
∆ASA values and contacting residues for the epitopes and paratopes were determined using the protein interaction server (21) . Contacts were also determined with Contact program from CCP4 software package, and S c values were calculated using the Sc program (22) . The figures were prepared with Pymol 2 , Molscript (23) and Raster3D (24) .
RESULTS
Ontogeny of D2-L19 and cAb-Lys2 -Two VHHs, cAb-Lys2 (retrieved from a dromedary immunized in 1993 in Morocco) and D2-L19 (retrieved from a dromedary immunized in 1997 in Dubai), were isolated by phage display (14, 15) . Remarkably, these VHHs apparently employed the same D gene that was rearranged to different V and J segments. Although the exact borders are difficult to infer, it appears that the D gene encodes the peptide stretch 100b-100j [Kabat numbering (25) ], introducing a gap at positions 100 & 100a in cAb-Lys2 for better alignment ( fig. 1 A) . The comparison of these putative D-derived sequences in the final VHH genes revealed five nucleotide differences leading to two amino acid substitutions.
The most frequently encountered J segments (Nguyen VK, unpublished observation), JH3 and JH5, were used for the D-J recombination of cAb-Lys2 and D2-L19, respectively. A search in the VHH germ line database (10) revealed that the V-region of cAbLys2 most probably originates from the cvhhp08 germ line gene (89% sequence identity, AJ245114.1), onto which 17 nucleotide transitions and 13 transversions accumulated, whereas the Vregion of D2-L19 most probably originates from the cvhhp11 germ line gene (88.5% sequence identity, AJ245117.1). Nucleotide sequence alignment of D2-L19 and cvhhp11 indicated that the triplets GGT GGT GGT (codons 53-55) had been mutated and shortened to AGT GGT. In addition, 11 transitions and 14 transversions were introduced. These two germ line genes belong to the VHH subfamily 2a that is most frequently used to generate heavy-chain antibodies in dromedary (10) . The number of mutations and the mutation pattern that are observed in these binders are typical for antibodies obtained after in vivo affinity maturation (2, 26, 27) . Both binders preserved a Cys33 in the H1 loop that is available for disulphide bond formation with Cys100d in the H3 loop encoded by the putative D gene. The remaining sequence of the H1 loop and the Nterminal part of H3 (encoded by the V-D junction) differ substantially between the two VHHs. In contrast, the sequences of the H2 loops underwent a striking convergent evolution towards a high degree of identity: 12 out of 17 residues became identical ( fig. 1 A) .
Kinetics, affinity and epitope mapping -The VHH interaction with HEWL yielded monophasic association curves in surface plasmon resonance sensorgrams, consistent with a fast association (k a of 3.0 and 2.2 x 10 6 M -1 s -1 ) between two rigid molecules lacking large conformational changes upon binding (28 
VHH-HEWL complex structures and interfaces -
Definitive proof for an overlapping epitope was provided by an overlay of the crystal structures of cAb-Lys2 and D2-L19 in complex with HEWL, determined to 1.4 and 1.85Å resolution, respectively. Both VHHs associate with the antigen in a nearly identical orientation ( fig. 1 B) . Furthermore, the two binders share many epitope residues although the cAb-Lys2 epitope is larger ( fig. 1 C) . Both epitopes encompass residues of the substrate D, E & F subsites of HEWL (31) fig. 2 A) . Furthermore, the C-terminal part of the H3 loop in VHH consistently folds over -, and interacts with the framework 2 region of the β-barrel (fig 2 B) as has been seen previously (9) . However, the different hypermutations in the D encoded segments probably acquired during antigen-driven selection resulting in Pro100h (cAb-Lys2) and its equivalent Arg100h (D2-L19), impose a different arrangement of scaffold Phe37 (V encoded) and Trp103 residues (J encoded) ( fig.  2 B) . Hence, the conformation of the D and J gene encoded fragment of H3 is not completely dominated by framework residues. In contrast with the conserved architecture of the putative D and D-J encoded regions, the oligo-peptides encoded by the V-D junction of both HEWL binders adopt widely different conformations ( fig. 2 A) . Also, the backbone conformation of the H1 loop and the tip of the H2 loop are significantly different in the two VHHs ( fig. 2 C) .
The paratope residues in H2 of D2-L19 and cAb-Lys2 accumulated many somatic mutations, of which several witnessed a striking convergent evolution: Ala50Val, Tyr52Asp, Tyr59Ala in cAb-Lys2 and Ala50Val, Asn52Asp, Tyr59Ala in D2-L19 ( fig. 1 A) . From all these convergent maturations, the Tyr59Ala mutation occurring in both VHHs in particular plays a pivotal role for HEWL interaction since it creates a cavity between the H2 and H3 loops. The Thr47 of HEWL (Thr47 L ) fits into this cavity and is surrounded by residues occluding solvent from this site ( fig. 1 C) , suggesting that Thr 47 L is an energetic hotspot of the VHH-HEWL interaction (32, 34) . Indeed, Thr47 L has in both cases the highest ∆ASA of all epitope residues, accounting for 18 and 20%, and making two hydrogen bonds with cAb-Lys2 and three with D2-L19.
The amino acids that contact Thr47 L include Val50 and Asp52, which were matured respectively from Ala50 and Tyr52 in cAb-Lys2 and Ala50 and Asn52 in D2-L19 (fig.1A) . The convergent maturation of the amino acid at position 50 results in an optimized contact between this amino acid and the side chain of Thr47 L ( fig. 3 A, B) . The larger side chain of the matured Val50 compared to the germ line encoded Ala allows a closer fit between the side chain of Thr100f and atoms located around the β-bulge at position 47-48 of the VHH framework 2 region. This probably stabilizes the conformation of the H3 loop. The Asp52 also contacts Thr47 L via its side chain, either through a direct hydrogen bond between the O δ of Asp52 and the hydroxyl group on the side chain of Thr47 L in the D2-L19-HEWL complex or through a bridging water molecule in the cAb-Lys2-HEWL complex. The difference in orientation of the Asp52 side chain in the two VHH-HEWL complexes might have several explanations. There might be some influence from different packing of the D2-L19-HEWL or cAbLys2-HEWL complexes within the respective crystals. Alternatively, the Asp52 residue might have been selected in these VHHs for other than pure structural reasons.
DISCUSSION
Two HEWL specific VHHs, cAb-Lys2 and D2-L19 were obtained after phage display from two different immunized dromedaries. Sequence analysis revealed that both VHHs resulted from the recombination of a common D gene with different V and J genes, evidently leading to different V-D and D-J junctions. Despite significant differences in these V-D and D-J encoded regions, the D encoded peptides adopt an identical conformation. Interestingly, the hypermutations acquired in the D encoded part of the H3 loop segments do not change the loop conformation but impose a different arrangement in the framework residues Phe37, Arg45 and Trp103 ( fig. 2B ). The D encoded amino acids are located centrally in the VHH-HEWL interface and provide key interactions with the antigen. Furthermore, a striking convergent maturation process occurred in the H2 region, adapting both binders for their high affinity association with an identical epitope on HEWL.
It is clear that the two VHHs described in this report are clonally independent from each other, since they originate from two different animals. The retention of the D gene sequences in these extensively matured binders argues for a severe bias of the D encoded amino acids to interact with a particular antigen. This statement is not formulated from an isolated observation as it is further supported by the comparison of the sequences of VHHs with common antigen specificity (e.g. carbonic anhydrase or HEWL) (Fig. 4 A) The frequent occurrence of common D genes in antibodies selected against the same antigen could also arise from a limited structural repertoire of this loop within the primary antigen combining sites. The crystal structures of D2-L19 and cAb-Lys2 with a remarkable identical conformation for the C-terminal part of the H3 loop encoded by a common D gene support this idea. We then wondered whether the architecture of this part of the loop would also occur when encoded by other D genes. Comparison of all available VHH crystal structures revealed that the conformation adopted by the 8-residue peptide upstream of Trp103 is encountered in at least three other VHHs. These VHHs employed different D genes and are directed against unrelated antigens: the cAb-MazE binds MazE, the anti-toxin of the MazEF extrachromosomal addiction system in E. coli. (36) , cAb-RN05 targets bovine RNase A (12) and cAb-HuL06 recognizes human lysozyme (37) (fig. 4 B) . In each case, the C-terminal part of the H3 of these paratopes makes important interactions with the antigen. The identical backbone architecture of these peptide stretches is dictated at one end by a Thr or Leu residue filling the cavity formed between two β-bulges in framework 2 (44-45 & 47-48). The following 4 residues form consistently a complete turn of a 3 10 -helix. At the other end the peptide stretch is attached to the conserved Trp103, initiating the last β-strand of the immunoglobulin fold. In between, an aromatic residue encoded by the J gene and conserved in all camelid JH genes (Tyr 100k in D2-L19 or Phe100k in cAb-Lys2) points towards the VHH framework and forms an aromatic core with Trp103 and Phe37 (figs. 2B & 4A). The latter side-chains are sufficiently flexible to accommodate different loop sequences. Our results therefore suggest that the recombination of identical D genes to different VHH and J precursors, would frequently lead to identical H3 loop architectures. The observation of a structural conservation within part of the H3 loop has two main consequences. First, the structural insight of this peptide stretch and allocation of its key residues have a structure-predictive value for other VHHs. Secondly, it argues for a severe limitation of the structural repertoire of the antigen combining sites in the primary repertoire. This contradicts our previous assumption that a longer H3 loop in camelid antibodies with a concomitantly larger possible sequence repertoire considerably extends the structural variability of H3 loops (11) .
A striking convergent maturation occurred in the H2 loops of cAb-Lys2 and D2-L19. This maturation is accompanied by significant structural changes. The acquired hypermutations create a cavity in the paratope that accommodates the side-chain of Thr47 of HEWL. In particular, the Tyr59Ala mutation is essential to avoid sterical clashes and to allow the observed arrangement of the VHH-HEWL complex. The remaining convergent amino acid substitutions optimize the shape and chemical environment around the cavity for a further improvement of the interaction with the antigen. Thus, it corroborates that the somatic hypermutation leading to a convergent maturation during the antigen-driven selection process is an essential element to generate high affinity binders. Moreover, this process helps the VHHs that are assembled from the same D-sequence in their maturation process towards the same epitope. There exists considerable controversy on the physiological role of somatic hypermutation in the antigen maturation process (38) . Whereas an affinity based maturation function has been proposed for anti-hapten responses in mice, the physiological relevance of affinity augmentation upon somatic hypermutation for larger antigens has been contested. High affinity antibodies have been observed in mice challenged during their first encounter with a pathogen (39) or a nonpathogenic protein antigen (40) . This discrepancy can be explained by the limited number of contact points between an antibody and a hapten as opposed to protein epitopes, which encompass more than 700 Å 2 of interaction surface (32, 33) . Our observations show that somatic hypermutation also plays a significant role in the adaptation phase of the antigen-combining site towards a large targeted epitope. This maturation allows for the selection of a higher degree of antigen-specificity of the binders.
Are there other possibilities that could explain our observation apart from a strong maturation driven selection process from VHHs with a restricted structural repertoire? One could indeed envisage a situation whereby an extremely large structural diversity occurs within the VHH primary repertoire. In this scenario, it is accepted that VHHs employing the same D gene can adopt a wide variety of H3 structures when present in a different V and J context. However, the antigen encounter resulted in the selection of only a few VHH variants that by chance presented the D encoded part in a similar conformation. Alternatively, it can be argued that the particular antigen (HEWL) used in this study can only associate with a limited amount of paratope structures, so that all VHHS with other H3 loop conformations were immediately excluded from the selection. Finally, it can postulated that the camelid heavy chain antibody maturation and VHHs constitute an exception that cannot be extrapolated to conventional antibodies since they lack the combinatorial diversity provided by the VL association and the VL interaction might induce many more H3 loop configurations.
Although these alternatives cannot be formally excluded, they certainly do not explain the successful immunization of transgenic mice containing only one or a limited number of VH and VL genes (3, 41) . In these studies it was convincingly shown that the availability of an extended V gene repertoire is optional and that the somatically generated diversity within H3 is sufficient to produce antigen-specific antibodies. Also, Xu and Davis (2000) (3) reported a remarkable sequence and length restriction in the H3 loops of antigen specific antibodies obtained from primary responses of transgenic mice containing only one or a limited number of VH and VL genes (3, 41) . However, it was not clear whether this restriction resulted from clonal expansion of a limited primary repertoire or from a profound D gene preference. Our results certainly favor the former explanation and indicate that even a large structural repertoire of H3 loops is not essential since subsequent maturation and selection mechanisms seem far more important in vivo to select for antigen binders of high affinity. Such natural maturation-driven selection process is exactly opposite to the general strategy applied in vitro when binders are isolated from vast naive or synthetic man-made antibody libraries by phage display (42) . In the selection process with phage displayed libraries the success rate to retrieve multiple binders of high affinity for any particular target depends critically on the size and diversity of the library. In this respect, the ribosome display techniques might be a better mimic of the natural in vivo maturation-driven selection process as point mutations that might increase the affinity and specificity for the target are introduced during the reverse transcription and PCR amplification steps after each selection cycle (43) . However, it remains to be seen if these in vitro evolution methods can compete with the in vivo maturation mechanisms in terms of affinity and specificity. L (ball-andstick) of HEWL is shown in orange. Side-chain atoms and labels are shown for Gly47, Val48, Ala49, Val50, Asp52, Ala59 and Thr100f. The upper part in (A) and (B) shows the presumed germ line structural organisation in the H2 loop region of D2-L19 and cAb-Lys2, respectively with the most probable rotamers for Tyr59. The lower part in (A) and (B) gives the actual crystal structure conformation for these regions in D2-L19 and cAb-Lys2, respectively. A) The amino acid sequences of the H3 loops of bovine carbonic anhydrase and HEWL binders isolated from different dromedaries (D0-D3). The sequences derived from common D segments are colored and underlined. The D3L24 and D3L11 (colored underlined and italic) are clonally related. D2-CA18 is also known as cAb-CA05 (13) . The conserved tyrosine (Phe in cAb-Lys2) participating in an aromatic core with Trp103 and Phe37; and a candidate for contacting the hydrophobic area around the cavity between the two framework-2 bulges are painted yellow. B) Overlay of H3 backbones of cAb-Lys2 (pink), D2-L19 (red), cAb-HuL06 (cyan), cAb-MazE (green), cAb-RN05 (yellow) illustrating the different conformations in the N-terminal segment and congruence in the C-terminal part of the loops. The side-chains of key amino acids are given and labeled for reference. 
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